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Abstract 



A search for stable and long-lived heavy charged particles was performed using 
the data taken by the DELPHI experiment at an energy of 189 GeV. The 
Cherenkov light detected in the Ring Imaging Cherenkov Detector and the 
ionisation loss measured in the Time Projection Chamber were used to identify 
heavy particles passing through the detector. No evidence for the production 
of such particles has been found, therefore exclusion limits at 95% confidence 
level were derived on the masses of left and right handed smuons and staus. 
The results were combined with previous DELPHI searches in this channel. 
Including previous DELPHI results, masses of left (right) handed stable smuons 
and staus can be excluded between 2 GeV/c^ and 88 (87.5) GeV/c^ at 95% CL. 
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1 Introduction 

The search for heavy stable and long-hved charged particles in events with low mul- 
tiplicity was made within the data recorded by the DELPHI detector at LEP at center- 
of-mass energies of about 189 GeV. The results presented in this paper extend previous 
DELPHI results from in the leptonic topology to energies of 189 GeV. In most Super- 
symmetric models (SUSY) the supersymmetric partners of standard particles are unstable 
and have short lifetimes, except the lightest supersymmetric particle (LSP) which is com- 
monly believed to be neutral and stable. Therefore, in most of the searches it is assumed 
that the supersymmetric particles decay instantaneously. In some scenarious, however, it 
is possible that SUSY-particles acquire a long lifetime. They become long-lived or stable, 
and thus escape from detection by the standard searches. In the Minimal Supersymmet- 
ric Standard Model (MSSM) with a very small amount of R-parity violation the LSP 
can be a charged slepton or squark and decay with a long lifetime into Standard Model 
particles 0. 

In gauge mediated supersymmetric models 0] the gravitino is the LSP and the next to 
lightest supersymmetric particle (NLSP) can obtain a long lifetime in a very natural way 
for large values of the SUSY-breaking scale [Q. This is possible for sleptons, for example 
when the stau is the NLSP. The pair production of such long-lived or stable particles 
yields a characteristic signature, with typically two back-to-back charged heavy objects 
in the detector. 

In this analysis it was assumed that the long-lived particles decay outside the tracking 
volume of the detector, which extends to a typical radius of 1.5 m. Furthermore, it was 
assumed that they do not interact more strongly than ordinary matter particles. 

Heavy stable particles were searched for by looking for high momentum charged par- 
ticles with either anomalous ionisation loss (dE/dx) measured in the Time Projection 
Chamber (TPC), or the absence of Cherenkov light in the gas and liquid radiators of 
the Barrel Ring Imaging CHerenkov (RICH). The combination of the TPC and RICH 
detectors and kinematical cuts provided efficient detection of new heavy particles with a 
small background. 

The data analysed corresponded to 155.3 pb~^ at an energy of about 189 GeV. The 
negative search result was used to set limits at 95% CL on the production cross-section of 
stable sleptons. They were combined with previous DELPHI results from ||l|, and mass 
limits on stable or long-lived smuons and staus were derived. 

2 Event selection 

A description of the DELPHI apparatus and its performance can be found in ref. 0, 
with more details on the Barrel RICH in ref. . Charged particles were selected if their 
impact parameter was less than 5 cm in the azimuthal plane and less than 10 cm in the 
longitudinal direction, and their polar angles lay between 20° and 160°. The relative 
errors on the measured momentum^ were required to be less than 100% and the track 
lengths larger than 30 cm. 

Only events with two or three charged particles were considered. It was further re- 
quired that at least one charged particle had a momentum above 5 GeV/c reconstructed 
by the TPC and was inside the acceptance of the Barrel RICH | cos^| < 0.68, where 6 is 
the polar angle. 

^Within this paper, with "momentum" the apparent momentum is meant, defined as the ratio of the momentum and 
the charge 
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Cosmic muons were removed by putting tighter cuts on the impact parameter with 
respect to the average beam-spot position. When the event had two charged particles with 
at least one identified muon in the muon chambers, the impact parameter in the azimuthal 
plane was required to be less than 0.15 cm, and less than 1.5 cm in the longitudinal plane. 

Charged particles were selected, if they fuUfiUed a combination of the following criteria: 

1. the Gas Veto: no photons were observed in the Gas RICH 

2. the Liquid Veto: four or less photons were observed in the Liquid RICH 

3. the TPC high ionisation loss: measured normalised energy loss was above 2 units 
i.e. twice the energy loss for a minimum ionising particle 

4. the TPC low ionisation loss: measured normalised energy loss was below 0.3 of that 
expected for protons 

The particle identification using the RICH is described in detail in ref. 0. 

For the Gas and Liquid Vetoes it was required that the RICH was fully operational, 
and that photons from other tracks or ionisation hits were detected inside the drift tube 
crossed by the track. Due to tracking problems electrons often passed a Gas or Liquid 
Veto. Therefore it was required that particles that deposit more than 5 GeV in the 
electromagnetic calorimeter, had hits in the outer tracking detector. Signals from at 
least 80 wires were required for the measurement of the normalised energy loss in the 
TPC. 

An event was selected if the momentum of a charged particle was above 15 GeV/c 
and the Gas Veto (1) was confirmed by a Liquid Veto (2) or a low ionisation loss (4) (in 
boolean notation (l)-(2) + (l)-(4)) or if the momentum of a charged particle was above 5 
GeV/c and the Gas Veto was confirmed by a high ionisation loss ((l)-(3)). The event was 
also accepted if two charged particles were present with both momenta above 15 GeV/c, 
and both had either a high ionisation loss or a Gas Veto, or both had a low ionisation 
loss ((H-3)-(l'+3') + (4)-(4')). This additional search window improves the efficiency for 
large masses by about 10%. 

3 Analysis results 

One event was selected in the data, in agreement with the expected background of 1.02 
± 0.13 events. The expected background was evaluated from the data by estimating the 
probability of accepted particles passing the individual cuts which build up the different 
search windows. The largest background contribution was expected in the high energy 
loss search window, 0.54± 0.1. A background of 0.34±0.07 was expected in the combined 
Liquid and Gas Veto search window, whereas the contribution from the other two windows 
was small. The candidate event passed both the Gas and Liquid Vetoes. It had two high 
momentum back-to-back charged particles with associated hits in the muon chambers. 
Figure 1 shows the measured normalised ionisation loss and the measured Cherenkov 
angle in the liquid radiator for the data taken at 189 GeV, after applying the Gas Veto. 

The efficiency for selecting an event was evaluated for right handed smuons as a func- 
tion of the mass in 10 GeV/c^ steps between 10 GeV/c^ and 90 GeV/c^. Additional 
points at 85,91,92 and 93 GeV/c^ have been added in order to get a better modelling of 
the efficiency close to the kinematical limit. At each point 1000 events were simulated 
with SUSYGEN [§], and passed through the detector simulation. The efficiency curve 
for masses above 45 GeV/c^ and a centre-of-mass energy of 189 GeV is shown in Figure 
2a. Stable or long-lived staus and selectrons are expected to yield the same experimental 
signature, so the estimated efficiencies hold for these cases as well. 
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As no evidence for a signal was found, exclusion limits at 95% CL were derived. The 
new results were combined with previous published results from [|^ with a likelihood ratio 
method to obtain experimental limits on the masses of left and right handed stable or 
long-lived smuons and staus. For selectrons, no limits were given because in this model the 
production cross-section can be highly suppressed due to an addition t-channel sneutrino 
exchange. The candidate event has been taken into account over the full mass range. 
Figure 2b shows the cross-section for left and right handed smuons in the MSSM at an 
energy of 189 GeV, calculated with SUSYGEN as a function of the particle mass. The 
95% CL cross-section limit is also shown. The production of left (right) handed stable 
smuons and staus can be excluded with masses up to 88 (87.5) GeV/c^. 

4 Conclusions 

A search was made for stable and long-lived heavy charged particles in leptonic final 
states at energies of 189 GeV, using particles identified by the Cherenkov light in the 
RICH and the ionisation loss in the TPC. 

One event was observed in the data, in agreement with the expectation of 1.02 ± 
0.13 background events. The results were combined with previous results of the DELPHI 
Collaboration which excluded long lived or stable left (right) handed smuons and 
staus for masses between 2 and 81 (80) GeV/c^. Including the new data, left (right) 
handed stable smuons and staus can be excluded with masses between 2 GeV/c^ and 88 
(87.5) GeV/c2 at 95% CL. 

Acknowledgements 

We are greatly indebted to our technical collaborators, to the members of the CERN- 
SL Division for the excellent performance of the LEP collider, and to the funding agencies 
for their support in building and operating the DELPHI detector. 
We acknowledge in particular the support of 

Austrian Federal Ministry of Science and Traffics, GZ 616.364/2-III/2a/98, 
FNRS-FWO, Belgium, 

FINEP, CNPq, CAPES, FUJB and FAPERJ, Brazil, 

Czech Ministry of Industry and Trade, GA CR 202/96/0450 and GA AVCR A1010521, 

Danish Natural Research Council, 

Commission of the European Communities (DC XII), 

Direction des Sciences de la Matiere, CEA, France, 

Bundesministerium fiir Bildung, Wissenschaft, Forschung und Technologic, Germany, 
General Secretariat for Research and Technology, Greece, 

National Science Foundation (NWO) and Foundation for Research on Matter (FOM), 
The Netherlands, 
Norwegian Research Council, 

State Committee for Scientific Research, Poland, 2P03B06015, 2P03B1116 and 
SPUB/P03/178/98, 

JNICT- Junta Nacional de Investigagao Cientffica e Tecnologica, Portugal, 
Vedecka grantova agentura MS SR, Slovakia, Nr. 95/5195/134, 
Ministry of Science and Technology of the Republic of Slovenia, 
CICYT, Spain, AEN96-1661 and AEN96-1681, 
The Swedish Natural Science Research Council, 



4 



Particle Physics and Astronomy Research Council, UK, 
Department of Energy, USA, DE-FG02-94ER40817. 



References 

[1] p. Abreu et al. (DELPHI Co llaboration), Phys. Lett. B444 (1998) 491 
[2] H. Dreiner, |hep-ph/9707435i 



[3] G.F. Giudice and R. Rattazzi, |hep-ph/9801271 



[4] M. Dine et al., Phys. Rev. Lett. 76 (1996) 3484; 

S. Dimopoulos et al., Nucl. Phys. B Proc. Suppl. 52A (1997) 38. 
[5] P. Aarnio et al. (DELPHI Collaboration), Nucl. Instr. Meth. A 303 (1991) 233; 

P. Abreu et al.(DELPHI Collaboration), Nucl. Instr. Meth. A378 (1996) 57. 
[6] J. Seguinot and T.Ypsilantis, Nucl. Instr. Meth. A343 (1994) 1; 

W. Adam et al., Nucl. Instr. Meth. A343 (1994) 68. 
[7] W. Adam et al., Nucl. Instr. Meth. A371 (1996) 240. 
[8] S. Katsanevas and P. Morawitz, Comp. Phys. Comm. 112 (1998) 227. 



5 
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Figure 1: (a) Normalised energy loss as a function of the apparent momentum p/lg] 
after the Gas Veto for the 189 GeV data, (b) Measured Cherenkov angle in the liquid 
radiator as a function of the apparent momentum after the Gas Veto: if four photons 
or less were observed in the liquid radiator, the Cherenkov angle was set equal to zero. 
The rectangular areas in (a) indicate selections (l)-(2) and (l)-(4), and that in (b) shows 
selection (l)-(3). The selection criteria are explained in the text. Open circles are data. 
The small filled circles indicate the expectation for a 90 GeV/c^ signal with charge ±e, 
resulting in a large dE/dx (upper plot) and no photons (except for a few accidental rings) 
in the liquid Cherenkov counter (lower plot). 



6 



■ i-H 

o 



Oh 



A 



+ 



0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 




0.2 
0.18 
0.16 
0.14 
0.12 

0.1 
0.08 
0.06 
0.04 
0.02 




L a) 






: ^=189 GeV 






- 

~ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 


1 1 1 1 1 


DELPHI 

1 1 1 1 1 1 1 1 1 1 


45 50 55 60 65 


70 75 


80 85 90 
m„ (GeV/c ) 






DELPHI 




left handed 




-_ right handed ^ 






[ \/s=133-189 GeV 


95% CL 






70 72.5 75 77.5 80 


82.5 85 


87.5 90 92.5 
m~ (GeV/c ^) 



Figure 2: (a) Efficiency for detecting stable and long-lived smuons (staus) as a function 
of the smuon mass at a centre-of-mass energy of 189 GeV. 

(b) Predicted production cross-section for left and right handed smuons (staus) as a func- 
tion of the smuon (stau) mass. The 95% CL cross-section hmit, derived from DELPHI 
searches between 133 GeV and 189 GeV, is also shown. 



